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Atmospheric model resolutions are decreasing…

Image from www.gewex.org/dyamond
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but benefits of this refinement have a 
limit.

Atmospheric model resolutions are decreasing…

Thabo

Precipitation bias maps relative to GPM IMERG data, 10 Aug - 10 Sept 
2017Makgoale and Sullivan (2024) under 

review



Makgoale and Sullivan (2024) under 
review
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Li et al. 2022 Nat. 
Geosci.

 



 



Ice-phase processes play an important role in surface 
precipitation.

Mülmenstädt et al. (2015) Geophys. Res. 
Lett.

Heymsfield et al. (2020) J. Atm. 
Sci.
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Ice clouds contribute important uncertainties to equilibrium 
climate sensitivity. 

Sherwood et al. (2020) Rev. 
Geophys.

McKim et al. (2024) Nat. 
Geosci.

Δ( anvil albedo ) with warming has 
greater uncertainty than the Δ( anvil 

area ) 



Ice clouds contribute important uncertainties to equilibrium 
climate sensitivity. 

Sherwood et al. (2020) Rev. 
Geophys.

Δ( anvil albedo ) with warming has 
greater uncertainty than the Δ( anvil 

area ) 

Δ( thin ice cloud CRE ) with warming have 
greater uncertainty than the Δ( thick ice cloud 

CRE ) 

Sokol et al. (2024) Nat. 
Geosci.

McKim et al. (2024) Nat. 
Geosci.



Issue 1: Ice clouds have strong sensitivities to variables for which 
observations are limited or uncertain.  

Sullivan et al. (2016) Proc. Nat. Acad. 
Sci.

such as updraft 
velocity

sensitivity input variance

Other studies with similar findings: Donner et al. (2016) Atmos. Chem. Phys., Bühl et al. (2019) npj Clim. Atm. Sci., Bolot et al. (2023) npj Clim. 
Atm. Sci.



Issue 1: Ice clouds have strong sensitivities to variables for which 
observations are limited or uncertain.  

such as ice-nucleating particle 
concentrations

Murray et al. (2021) Atmos. Chem. 
Phys.

Hawker et al. (2021) Atmos. Chem. 
Phys.



Radiative 
heating 
generates 
buoyant 
ascent...

 … and ascent 
produces 

supersaturation.

Issue 1b: But also ice clouds have strong sensitivities to the 
structural formulation of microphysics.  

Sullivan et al. (2022) J. Adv. Model Earth Sys.

We can see this with forms of microphysical 
piggybacking.

 

Ice crystals radiatively 
heat by absorption.  (1

)

(2
)



Issue 1b: But also, ice clouds have strong sensitivities to the 
structural formulation of microphysics.  

We can see this with forms of microphysical 
piggybacking.

Trajectorie
s

Offline 
scheme 

  

1- or 2-moment 
schemes in ICON

"Lagrangian 
piggybacking"

Sullivan et al. (2022) J. Adv. Model Earth Sys.

2-moment scheme 
in CLaMS-Ice



Issue 1b: But also, ice clouds have strong sensitivities to the 
structural formulation of microphysics.  

Sullivan et al. (2022) J. Adv. Model Earth Sys.



Issue 2: It is unclear how many (and which) degrees of freedom are 
needed to reliably represent ice microphysical processes.  

temperature-dependent-only INP parameterizations are likely 
insufficient

DeMott et al. (2010) Proc. Nat. Acad. 
Sci. 

Kanji et al. 
(2017) 



Issue 2: It is unclear how many (and which) degrees of freedom are 
needed to reliably represent ice microphysical processes.  

Should ice optical properties depend on temperature? Ice crystal 
complexity?

Edgardo

“hierarchy” of optical schemes

ecRad 
radiative 
transfer 
scheme

idealized ice clouds
IWP r_eff T_top

T_bottom T_mid

F_LW,up,clr
F_LW,down,clr
F_LW,up,cld
F_LW,down,cld

F_SW,up,clr
F_SW,down,clr
F_SW,up,cld
F_SW,down,cld



Issue 2: It is unclear how many (and which) degrees of freedom are 
needed to reliably represent ice microphysical processes.  

Should ice optical properties depend on temperature? Ice crystal 
complexity? Edgardo

including many ice crystal 
aggregates and T 

dependence

Sepúlveda Araya, Sullivan, and Voigt (2024) under 
review

including many ice crystal 
habits and surface 

roughness
weakened LW heating enhanced LW heating



Issue 2b: It is unclear whether all processes need to be represented 
under all conditions. 

Sullivan et al. (2018) Atmos. Chem. 
Phys.

1. Droplet 
shattering

2. Breakup upon 
ice collision 

3. Rime 
splintering

such as secondary ice 
production



Issue 3: Certain variables are treated inconsistently across model 
components.

Sullivan and Voigt (2020) Comms. Earth 
Env.

such as ice crystal effective radius between microphysics and 
radiation

such as snow between microphysics and 
radiation 
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M
2
M



Issue 3: Certain variables are treated inconsistently across model 
components.or for phase heterogeneity between the Bergeron process and 

accretion

M. Zhang et al. (2019) J. Geophys. 
Res.



Issue 1: Ice clouds have strong sensitivities to variables for which 
observations are limited or uncertain.  

Issue 1b: But also, ice clouds have strong sensitivities to the structural 
formulation of microphysics.  

Issue 2: It is unclear how many (and which) degrees of freedom are needed 
to reliably represent ice microphysical processes.  

Issue 2b: It is unclear whether all processes need to be represented under all 
conditions. 

Issue 3: Certain variables are treated inconsistently across model 
components.
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Preliminary result: Where 
MCS track density is 
highest is also where the 
SRM precipitation bias is 
highest.



but benefits of this refinement have a 
limit.

Model resolutions are decreasing…

Thabo

Cloud water path bias maps relative to ERA5 reanalysis data, 10 Aug - 10 Sept 
2017Makgoale and Sullivan (2024) under 

review

r = 
0.72

r = 
0.74



 

 

Makgoale and Sullivan (2024) under 
review

Inverse 
atmospheric 

residence 
times

 

Li et al. 2022 Nat. 
Geosci.



 

Much shorter  
atmospheric 

residence 
times

Makgoale and Sullivan (2024) under 
review

Li et al. 2022 Nat. 
Geosci.

Much more intermodel variability than 
intramodel variability in ϵ for intense events

 

 



Murray et al. (2021) Atmos. Chem. 
Phys.
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30000 extracted 
trajectories

8000 time 
points

6 simulations

1.4 billion samples

Feedbacks are constrained with fixed inputs along trajectories.



Issue 2b: It is unclear whether all processes need to be represented 
under all conditions. 

1. Droplet 
shattering

2. Breakup upon 
ice collision 

3. Rime 
splintering

Sullivan et al. (2018) Atmos. Chem. 
Phys.

Other studies with similar findings: Korolev and Leisner (2020) Atmos. Chem. Phys., Waman et al. (2022) J. Atm. Sci., Pasquier et al. (2022) Atmos. Chem. 
Phys. 

such as secondary ice 
production



Issue 2
Perhaps reduced-order modeling or machine learning / emulators provide solutions 
here?Example 1: Identification of an ‘intrinsic dimension’ for 

collision-coalescence

Example 2: An emulated perturbed parameter ensemble shows that autoconversion formulations dominate a lot 
of ice-phase variability

Lamb et al. 
2024

Proske et al. 
2023


